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Neutrinos offer a window to physics beyond the Standard Model. In particular, high-energy astro-
physical neutrinos, with TeV–PeV energies, may provide evidence of new, “secret” neutrino-neutrino
interactions that are stronger than ordinary weak interactions. During their propagation over cos-
mological distances, high-energy neutrinos could interact with the cosmic neutrino background via
secret interactions, developing characteristic energy-dependent features in their observed energy dis-
tribution. For the first time, we use a rigorous statistical analysis to look for signatures of secret
neutrino interactions in the diffuse flux of high-energy astrophysical, based on 6 years of publicly
available IceCube High Energy Starting Events (HESE). We find no significant evidence for se-
cret neutrino interactions, but place competitive upper limits on the coupling strength of the new
mediator through which they occur, in the mediator mass range of 1–100 MeV.
I. INTRODUCTION
In the Standard Model (SM), because neutrinos in-
teract weakly, neutrino-neutrino interactions are unim-
portant except in a handful of scenarios with huge neu-
trino densities, i.e., the early Universe and compact as-
trophysical objects. However, well-motivated proposed
extensions of the SM may enhance neutrino-neutrino in-
teractions, rendering them important in other scenarios.
Detecting these secret neutrino interactions (νSI) would
provide much needed guidance to extend the SM.
Secret neutrino interactions occur via a new mediator
that predominantly couples to neutrinos; we take their
coupling to other particles to be effectively negligible.
The mediator mass M and coupling strength g may be
measured using terrestrial experiments or astrophysical
observations. Secret interactions are motivated as solu-
tions to open issues, e.g., the origin of neutrino mass [1–
6], tensions in cosmology [7–10], the muon anomalous
moment [11, 12], and the LSND anomaly [13]. Presently
there is no evidence for νSI, but Fig. 1 shows that there
are strong constraints coming from measurements of the
cosmic microwave background (CMB) [10, 14–17], Big
Bang nucleosynthesis (BBN) [18–20], and the supernova
SN 1987A [21, 22], where neutrino densities are high;
from laboratory measurements of the decay of Z bosons,
Higgs bosons, tauons, and pi, K, and D mesons [23–
26], where branching ratios with final-state neutrinos are
precisely measured; and from double beta-decay [27–29].
(There are also constraints from supernovae on νSI via a
massless mediator, e.g., Refs. [30, 31].)
The high-energy astrophysical neutrinos discovered by
the IceCube neutrino telescope, with TeV–PeV energies
[32–36], provide a novel, complementary probe of νSI.
Owing to their likely extragalactic origin, during their
trip to Earth across distances of Mpc–Gpc they may have
a significant chance to scatter off the cosmic neutrino
background (CνB) via νSI. References [37–43] showed
that this would introduce characteristic features in the
astrophysical neutrino spectrum: a deficit at energies
where the scattering is resonant and a pile-up of neu-
trinos at lower energies. TeV–PeV neutrinos are espe-
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FIG. 1. Limits on the mass M and coupling gαα (α = e, µ, τ)
of the new mediator of secret neutrino-neutrino interactions.
Unless otherwise stated, each limit applies to all flavors, i.e.,
gee = gµµ = gττ . Shaded regions are disfavored. Our limit, at
90% C.L., is based on the publicly available 6-year IceCube
HESE sample [49–51], assuming a neutrino mass of 0.1 eV.
Previous limits come from the CMB [15] (see also Ref. [10]),
BBN [20], SN 1987A [21, 22], particle decays (we distinguish
between flavors, i.e., “Lab gee”, “Lab gµµ”, “Lab gττ”) [26],
and double beta decay (φββ, for α = e) [29]. We include the
limit estimated from detecting a burst of high-energy neutri-
nos possibly correlated with the blazar TXS 0506+056, as-
suming a scalar mediator [44].
cially sensitive to νSI mediators with masses in the 1–
100 MeV range. (The scattering of neutrinos off extra-
galactic [37, 43–47] and Galactic [48] dark matter may
lead to similar features, but we do not explore that here.)
For the first time, we look for imprints of νSI in the
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2diffuse flux of high-energy astrophysical neutrinos, us-
ing IceCube data. Our approach is comprehensive: we
compute the propagation of astrophysical neutrinos to
Earth in the presence of νSI, followed by their propaga-
tion inside Earth, and their detection in IceCube. We
account for uncertainties in the shape of the neutrino
spectrum emitted by the sources, atmospheric neutrino
backgrounds, and detector uncertainties.
Figure 1 shows our results, obtained using the publicly
available 6-year sample of IceCube High Energy Starting
Events (HESE) [49–51]. We find no significant evidence
for νSI, and we place new limits on M and g that overlap
with previous ones, providing independent confirmation.
In the absence of knowledge of the precise model that
gives rise to νSI, it is important to probe them using
phenomena that involve different energy scales.
This paper is organized as follows. Section II gives an
overview of high-energy astrophysical neutrinos. Section
III introduces νSI. Section IV discusses the propagation
of neutrinos under νSI. Section V shows how we constrain
νSI using IceCube data. Section VI concludes.
II. HIGH-ENERGY ASTROPHYSICAL
NEUTRINOS: AN OVERVIEW
IceCube has discovered high-energy astrophysical neu-
trinos [32–36]. Because they have the highest observed
neutrino energies — up to a few PeV — and because they
likely travel cosmological distances — up to a few Gpc
— they have a vast potential to explore particle physics
at yet-unprobed energy and distance scales [52–54].
The spectrum of high-energy astrophysical neutrinos is
fit well by a power law ∝ E−γν in the TeV–PeV range. Us-
ing six years of neutrino-induced events that start inside
the detector — the same ones that we use in our analysis
— the IceCube Collaboration found γ = 2.92+0.33−0.29 [51].
(Using instead six years of through-going muon tracks
born outside the detector, they found γ ≈ 2.13 ± 0.13
[36]. However, the two results are compatible within 2σ.)
The origin of the high-energy astrophysical neutrinos
is largely unknown, though there are promising candi-
date astrophysical sources [55–57]. Because the observed
distribution of neutrino arrival directions is isotropic [58–
61], the sources are likely extragalactic.
Presently, IceCube is the largest neutrino detector.
It consists of an underground array of photomultipliers
(PMTs) that instrument a gigaton of ice near the South
Pole. When a high-energy neutrino-nucleon (νN) inter-
action (see Section IV B) occurs inside or near the instru-
mented detector volume, it produces high-energy charged
particles. The Cherenkov light that they emit propagates
through the ice and the PMTs collect it. For each de-
tected event, IceCube uses the amount of collected light,
and its spatial and temporal profiles, to reconstruct [62]
the energy Edep deposited by the shower in the detector
and the arrival direction cos θz of the neutrino, where θz
is the zenith angle measured from the South Pole.
At TeV–PeV energies, IceCube detects mainly two
event topologies: showers and tracks. Showers are made
by the charged-current (CC) νN interactions of νe and
ντ , and by the neutral-current (NC) νN interactions of
all flavors. In a shower, Cherenkov light expands out-
wards from the interaction vertex with a roughly spheri-
cal profile. Tracks are made by the CC νN interactions
of νµ, which create, in addition to showers, high-energy
muons that travel for a few km and leave tracks of light
that are easily identifiable. Tracks are also made by the
CC νN interactions of ντ , followed by the decay of the
final-state tauon into a muon. In addition, neutrino-
electron interactions contribute to the detection rate, but
are largely sub-dominant, except around 6.3 PeV, where
ν¯e trigger the Glashow resonance [63].
Below, we look for evidence of energy-dependent fea-
tures induced by νSI on the astrophysical neutrino spec-
trum using IceCube HESE events [33, 34], a subset of
events where the interaction occurs inside the detector.
We use HESE events for two reasons. First, they are of
predominantly astrophysical origin. Below a few tens of
TeV, roughly half of them are of astrophysical origin and
half are of atmospheric origin [51]; above, they are mostly
of astrophysical origin [64, 65]. This is the result of using
the outer layer of PMTs as a self-veto to reduce contam-
ination from atmospheric neutrinos [66–68]. Second, in
HESE events, most of the neutrino energy is deposited
in the detector, which helps preserve the shape of the
νSI-induced spectral features.
III. SECRET NEUTRINO INTERACTIONS
Secret neutrino interactions are mediated by a new
neutral boson that can be a scalar (or pseudo-scalar)
or a vector (or axial-vector). Its mass M and coupling
strength g are free parameters; later, we use IceCube data
to constrain their values.
To produce our results, we adopt a scalar mediator
φ, so the νSI interaction term in the flavor basis is
L ∼ gαβφν¯ανβ , where α, β = e, µ, τ . Neutrinos and anti-
neutrinos are equally affected. We assume that the in-
teraction is flavor-diagonal and universal, i.e., that the
only non-zero entries are gαα ≡ g. (See Ref. [41] for
an example of a flavor-non-diagonal νSI in high-energy
astrophysical neutrinos.) In the future, with more statis-
tics, these assumptions could be revisited.
Because the mediator is a scalar, its decay φ → ν + ν¯
is helicity-suppressed if neutrinos are Dirac, and is not
helicity-suppressed if neutrinos are Majorana. Hence, the
limits that we place below on the νSI coupling should be
understood, in the Dirac case, as applying to the cou-
pling including a helicity-suppression factor, and, in the
Majorana case, as applying to the coupling without a
helicity-suppression factor.
Further, our limits, computed for a scalar mediator,
can be directly re-interpreted to apply to a vector media-
tor; in this case, the decay of φ is not helicity-suppressed
3for both Dirac and Majorana neutrinos. Formally, the
distribution of neutrino scattering angles in a νSI interac-
tion is different for scalar and vector mediators. However,
during the propagation to Earth, the final-state relativis-
tic neutrino that emerges from a νSI interaction is highly
boosted in the forward direction. This reduces any dif-
ferences in the angular distribution between a scalar and
a vector mediator, so that our limits directly apply also
to the case of a vector mediator.
We consider the νSI process ν + ν¯ → ν + ν¯ that may
occur during the propagation of astrophysical neutrinos.
One of the initial neutrinos is a high-energy astrophysi-
cal neutrino with energy Eν in the range TeV–PeV. The
other is a low-energy CνB neutrino; because its kinetic
energy is ∼0.1 meV, we take it to be at rest. In a scat-
tering event, the high-energy neutrino is down-scattered
in energy and the low-energy neutrino is up-scattered.
Later, when tracking the propagation of neutrinos, we
account for both outcomes (see Section IV).
For the cross section of the above process, we consider
only the s-channel contribution; it has a resonance, from
which our sensitivity to νSI stems. The t-channel contri-
bution is heavily suppressed [37, 38]. Thus, we adopt a
Breit-Wigner cross section,
σνν(E) =
g4
16pi
s
(s−M2)2 +M2Γ2 , (1)
where
√
s ≡√(2Eνmν) is the center-of-mass energy and
Γ ≡ g2M/(4pi) is the decay width of the mediator; see,
e.g., Refs. [38, 39]. The cross section is resonant at a
neutrino energy of Eres = M
2/(2mν). The neutrino mass
is unknown; we fix it to mν = 0.1 eV, consistent with
current constraints [69], and ignore small mass differences
between flavors. For M = 1–100 MeV, the resonance falls
within the TeV–PeV range of the IceCube neutrinos.
IV. SECRET INTERACTIONS IN
HIGH-ENERGY ASTROPHYSICAL NEUTRINOS
Below, we compute the diffuse flux of high-energy as-
trophysical neutrinos, accounting for νSI on the CνB and
for their propagation inside Earth up to IceCube.
A. Propagating neutrinos to Earth with νSI
During the propagation of a high-energy astrophysical
neutrino from its source to Earth, it may interact with
the CνB neutrino via νSI. The closer the energy of the
astrophysical neutrino is to the resonance energy Eres,
and the more distant the source, the higher the chance
that νSI occur. The cumulative effect of νSI appears as
characteristic spectral features in the energy distribution
of high-energy neutrinos at Earth: a dip around Eres and
a pile-up at lower energies.
The diffuse flux of high-energy astrophysical neutrinos
at Earth is the sum of contributions of neutrinos emitted
by all neutrino sources in the local and distant Universe.
Thus, the effect of νSI is weighted by the redshift evo-
lution of the number density of sources. We compute
the diffuse neutrino flux at Earth following closely the
methods from Refs. [37, 38].
At time t, the comoving number density of one neu-
trino species of high-energy neutrinos, either να or ν¯α, is
n(t). In our convention, neutrinos are emitted at t < 0
and reach Earth at t = 0. We track the evolution of
n˜(t, Eν) ≡ dn(t, Eν)/dEν as neutrinos propagate; here,
Eν is the neutrino energy at time t. Upon reaching Earth,
the isotropic diffuse flux of high-energy neutrinos is
J⊕(Eν) ≡ dN
dEνdAdtdΩ
=
c
4pi
n˜(0, Eν) ,
where c is the speed of light and, to an excellent approxi-
mation, the speed of neutrinos. To compute n˜(0, Eν), we
solve the following propagation equation:
∂n˜(t, Eν)
∂t
=
∂
∂Eν
[b(t, Eν)n˜(t, Eν)]+L(t, Eν)−c nCνB(t)σνν(Eν)n˜(t, Eν)+c nCνB(t)
∫ ∞
Eν
dE′ν n˜(t, E
′
ν)
dσνν
dEν
(E′ν) . (2)
To solve Eq. (2), we first recast it in terms of redshift by
using the relation [70] dt/dz = − [(1 + z)H(z)]−1. Here,
H(z) ' H0
√
ΩΛ + Ωm(1 + z)3 is the Hubble parameter,
H0 = 100h km s
−1 Mpc−1 is the Hubble constant, ΩΛ is
the vacuum energy density, and Ωm is the matter density.
We fix h = 0.678, ΩΛ = 0.692, and Ωm = 0.308 [71].
Because the interaction is flavor-diagonal and universal,
the propagation of all species is computed in the same
way, and we need to track the propagation of only one
species. The resulting νSI-induced spectral features are
common to all flavors of να and ν¯α.
In Eq. (2), the first and second terms on the right-
hand side describe the free-streaming of neutrinos, i.e.,
their propagation in the absence of νSI. In this case, the
resulting spectrum at Earth would be a pure power law
in neutrino energy. The first term in Eq. (2) accounts
for the continuous energy loss that the neutrinos experi-
ence due to the adiabatic cosmological expansion. The
energy loss rate is b(z, Eν) ≡ H(z)Eν . The second term
in Eq. (2) is the differential number luminosity density of
sources, L(z, Eν) = W(z)L0(Eν), i.e., the redshift- and
energy-dependent injection of neutrinos by the sources;
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FIG. 2. Diffuse per-flavor flux of high-energy astrophysical
neutrinos at the surface of the Earth, including the effect
of νSI on the CνB, for illustrative choices of the mediator
mass M and coupling g, including their best-fit values from
our analysis (see Table I). In this plot, the spectral index
with which neutrinos are emitted by their sources is fixed to
γ = 2.74 (see Table I), and the flux is normalized to E2νJ⊕ =
2.46·10−8 GeV cm−2 s−1 sr−1 at 100 TeV [51], for illustration.
we expand on this below.
The third and fourth terms in Eq. (2) account for νSI.
The third term in Eq. (2) accounts for the attenuation of
the flux around Eres. The fourth term accounts for the
regeneration of neutrinos of initial energy E′ν at a new
energy Eν , due to the down-scattering of high-energy as-
trophysical neutrinos and the up-scattering of low-energy
CνB neutrinos. The number density of one neutrino
species in the CνB is nCνB(z) = 56(1 + z)
3 cm−3 [72],
and the νSI cross section σνν is given by Eq. (1).
We assume that neutrinos are emitted by a popula-
tion of extragalactic sources whose number density, W,
evolves with redshift following the star formation rate
[73], so that most sources lie at z ≈ 1, corresponding to a
distance of a few Gpc. This assumption holds for promis-
ing classes of candidate sources [74]. Following theory ex-
pectations, we assume that each source emits neutrinos
with a power-law luminosity, i.e., L0(Eν) ∝ E−γν .
We solve Eq. (2) numerically, by integrating from
zmax = 4 down to z = 0, with the initial condition
n˜(zmax, Eν) = 0. The contribution of sources past zmax is
negligible. Later, when computing fluxes for our analysis
(see Section V), we treat M , g, and γ as free parameters
and let their values be set by a fit to IceCube data.
Figure 2 shows the diffuse neutrino flux at Earth, for
a few illustrative choices of γ, M , and g. Upon reaching
Earth, the neutrino spectrum has acquired a deficit, or
dip, around Eres and a pile-up of down-scattered neu-
trinos at lower energies. Although the νSI cross sec-
tion, Eq. (1), has a sharply defined resonance at Eres,
the dip and pile-up are less sharply defined. This is be-
cause sources emit neutrinos over a relatively wide energy
range, not just around Eres, and because the adiabatic
cosmological expansion reduces the energy of neutrinos.
For M = 1–100 MeV, the dip and pile-up lie in the
TeV–PeV range, where IceCube is sensitive (see Sec-
tion III). Therefore, our analysis is sensitive to this mass
range. However, Fig. 2 illustrates that the pile-up is too
small to be detected for any value of M and g in the en-
ergy range of interest, so our analysis is sensitive only to
the existence of the dip. Because the decay width of the
mediator is Γ ∝ g2M , the energy width of the dip grows
strongly with the coupling. For g & 10−3, the dip is wide
and deep, and, in principle, detectable. For g . 10−3,
the dip is shallow and narrow, the spectrum is indistin-
guishable from the power law expected in the absence of
νSI, and hence our analysis has no sensitivity.
While propagating to Earth, neutrinos change flavor.
We assume that an equal number of astrophysical νe, νµ,
and ντ arrives at Earth, in agreement with expectations
from standard flavor-mixing [75–80] and with IceCube
results [59, 81]. We also assume equal fluxes of neutrinos
and anti-neutrinos, since presently they are indistinguish-
able in IceCube. Equal neutrino and anti-neutrino fluxes
are expected, for instance, from neutrino production via
proton-proton interactions [82, 83].
B. Propagating neutrinos inside the Earth
Neutrinos with energies above 10 TeV have a signifi-
cant chance of scattering off nucleons as they propagate
inside the Earth. The longer their path inside the Earth,
the higher the chance that they scatter [84, 85]. As a re-
sult, while the flux of astrophysical neutrinos is isotropic
at the surface of the Earth, the flux that arrives at Ice-
Cube, after traveling inside the Earth along different di-
rections, is no longer isotropic.
At these energies, a neutrino typically interacts with a
nucleon N via deep inelastic scattering [86, 87]: the neu-
trino scatters off the partons of the nucleon and breaks
it up. The CC channel of this interaction attenuates
the flux by removing neutrinos, i.e., να + N → α + X,
where X are final-state hadrons. In the case of ντ , a
CC interaction produces a tau that propagates for some
distance before decaying again into a ντ ; as a result of
this regeneration, the flux of ντ that reaches IceCube is
less attenuated than that of νe and νµ. The NC channel
dampens the energy of neutrinos, i.e., να +N → να +X,
where the final-state neutrino carries, on average, 70% of
the energy of the parent neutrino [88].
We propagate all flavors of astrophysical and atmo-
spheric (see below) neutrinos through the Earth and up
to IceCube, in the direction of the HESE events, using
nuSQuIDS [89–91], which takes into account the afore-
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FIG. 3. Diffuse per-flavor flux of high-energy astrophysical
neutrinos that reach IceCube after propagating inside Earth
along illustrative directions: from above (cos θz ≥ 0), from
60◦ below the horizon (cos θz = −0.5), and directly from be-
low (cos θz = −1). In this plot, the fluxes have the same
normalization as in Fig. 2, and M , g, and γ are set to their
best-fit values (see Table I). For cos θz ≥ 0, the effect of in-
Earth propagation is negligible, and the curves for all flavors
overlap. Results for ν¯e, ν¯µ, and ν¯τ (not shown) are similar.
mentioned interactions. We propagate να and ν¯α sepa-
rately, since the cross section for the latter is up to 50%
smaller at a few tens of TeV [92, 93]. For the matter
density inside the Earth, we adopt the Preliminary Ref-
erence Earth Model [94], and assume that the matter is
iso-scalar, i.e., that it is made up of protons and neutrons
in equal proportions. At these high energies, there are
no matter-driven flavor transitions.
Figure 3 illustrates the effect of in-Earth propagation
on the astrophysical neutrino flux, for a particular choice
of values of νSI parameters and for different arrival direc-
tions at IceCube. The propagation shifts the νSI dip to
slightly lower energies and widens it. For downgoing neu-
trinos (cos θz ≥ 0), the path length inside Earth is small
and the effect of νN interactions is negligible. For up-
going neutrinos (cos θz < 0), the effect is significant and
grows with the path length. The ντ flux is less affected
due to its regeneration inside the Earth. Below, as part
of our analysis, we compute expected neutrino-induced
event rates at IceCube along different arrival directions;
when doing so, we always propagate first the flux inside
the Earth up to IceCube (see Section V).
V. TESTING FOR νSI
We look for the presence of the νSI-induced spectral
features described in Section IV in the publicly available
6-year IceCube HESE sample, consisting of 80 events, 58
showers and 22 tracks, with deposited energies between
18 TeV and 2 PeV [49–51]. For each event, Edep and
cos θz are provided. In the sample, there are no events in
the range Edep ≈ 300 TeV–1 PeV. Later, we show that
this gap in events impacts our results significantly.
A. Computing HESE event rates
For a given neutrino flux that arrives at the detector,
we compute the HESE event rate following the detailed
procedure introduced in Ref. [95]. In it, the energy Eν of
the interacting neutrino is converted into electromagneti-
cally equivalent deposited energy Edep. This is the energy
that is ultimately registered as Cherenkov light. The con-
version differs for tracks, hadronic showers — initiated by
final-state hadrons — and electromagnetic showers — ini-
tiated by electrons. We compute detection via the domi-
nant neutrino-nucleon interactions and the sub-dominant
neutrino-electron interactions. Further, we include a 12%
detector energy resolution on Edep. Appendix A sketches
the procedure; for details, see Ref. [95].
B. Atmospheric neutrino and muon backgrounds
High-energy atmospheric neutrinos and muons born in
cosmic-ray interactions in the atmosphere are the dom-
inant background in searches for high-energy astrophys-
ical neutrinos. In our analysis, we account in detail for
their contribution to the IceCube event rate.
For atmospheric neutrinos, we use the same state-of-
the-art tools used by the IceCube Collaboration: MCEq to
compute fluxes at the surface of the Earth [96, 97] and
nuVeto to compute the HESE self-veto [68, 98]. We con-
sider only the contribution of conventional atmospheric
neutrinos, from the decay of pions and kaons, and ne-
glect the contribution of prompt atmospheric neutrinos,
from the decay of charmed mesons, since they remain
undiscovered and subject to severe upper limits [59].
For atmospheric muons, we approximate the flux that
reaches IceCube following the approach of Ref. [95],
which is based on measurements. Appendix B contains
details about the atmospheric backgrounds.
C. Statistical analysis
To look for evidence of νSI in the IceCube data, we
generate test HESE samples, following Appendix A, with
varying values of M , g, and γ. Then we compare the test
samples to the observed 6-year IceCube HESE sample
[49–51]. We adopt a Bayesian approach and perform the
6TABLE I. Mass M and coupling strength g of the new νSI me-
diator obtained in our statistical analysis, using the publicly
available 6-year sample of IceCube HESE events. The allowed
range of values for each parameter is marginalized over all of
the remaining parameters. The other parameters obtained in
the same statistical analysis, i.e., with νSI, are γ, the spectral
index with which astrophysical neutrinos are emitted; and
Nast, Natm, and Nµ, the number of astrophysical neutrinos,
conventional atmospheric neutrinos, and atmospheric muons
in the sample, respectively. See the main text for details.
Parameter Best fit ±1σ 2σ 3σ
log10(M/MeV) 1.154± 0.073 [0.56, 2.53] ≤ 2.97
M [MeV] 14.26+2.61−2.21 [3.63, 338.84] ≤ 933.25
log10 g −1.00± 0.97 [−6.03,−0.73] ≤ −0.30
g 0.1+0.83−0.09 [9 · 10−6, 0.19] ≤ 0.50
γ 2.74± 0.13
Nast 64.7± 6.2
Natm 15.1± 2.6
Nµ 7.6± 3.8
comparison by maximizing a likelihood function. Our
statistical method is modeled after Refs. [85, 95, 99].
For the 6-year HESE data set, which contains Nobs =
80 events, the likelihood function is
L(M, g, γ,Nast, Natm, Nµ) = e−Nast−Natm−Nµ
×
Nobs∏
i=1
Li(M, g, γ,Nast, Natm, Nµ) , (3)
where Nast, Natm, and Nµ are, respectively, the number
of HESE events due to astrophysical neutrinos, conven-
tional atmospheric neutrinos, and atmospheric muons.
The partial likelihood for the i-th event compares the
chances of it being due to the different fluxes, i.e.,
Li(M, g, γ,Nast, Natm, Nµ)
= NastPi,ast(M, g, γ) +NatmPi,atm +NµPi,µ ,(4)
where Pi,ast, Pi,atm, and Pi,µ are, respectively, the prob-
ability distribution functions for this event to have been
generated by the flux of astrophysical neutrinos, atmo-
spheric neutrinos, and atmospheric muons. For astro-
physical neutrinos, this is
Pi,ast(M, g, γ) =
dNast(M,g,γ)
dEdep
∣∣∣
Edep,i,cos θz,i∫ Emaxdep
Emindep
dEdep
dNast(M,g,γ)
dEdep
∣∣∣
cos θz,i
, (5)
where Emindep = 10
4 GeV, Emaxdep = 10
7 GeV, and Edep,i
and cos θz,i are the deposited energy and direction of
the event. The event spectrum dNast/dEdep is given by
Eq. (A1), if the event is a shower, or by Eq. (A2), if it is
a track. Analogously, for atmospheric neutrinos,
Pi,atm =
dNatm
dEdep
∣∣∣
Edep,i,cos θz,i∫ Emaxdep
Emindep
dEdep
dNatm
dEdep
∣∣∣
cos θz,i
, (6)
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g of the νSI mediator, resulting from our fit to the 6-year
IceCube HESE data sample. The shading represents the pos-
terior probability density. See Table I for the one-dimensional
marginalized values and the main text for details.
and the event spectrum dNatm/dEdep is given by
Eq. (A1) or Eq. (A2) if the event is a shower or a track, re-
spectively. Because atmospheric muons only contribute
to the rate of tracks, the probability distribution func-
tion is the same as Eq. (6), but with dNatm/dEdep →
dN tr,µ/dEdep, as described in Appendix A.
The likelihood, Eq. (3), depends on 6 free parame-
ters: M , g, γ, Nast, Natm, and Nµ. When maximizing
it, we avoid introducing unnecessary bias by choosing
generous flat priors for the physical parameters, in log
space for the νSI parameters and in linear space for the
astrophysical spectral index: log10(M/MeV) ∈ [−1, 3],
log10 g ∈ [−7, 0], and γ ∈ [2, 3]. For Nast, we also choose
a flat prior: Nast ∈ [0, Nobs]. For Natm and Nµ, we choose
priors following the expected contribution of atmospheric
neutrinos and muons to the 6-year IceCube HESE sample
[51]. For Natm, we choose a skew normal prior with cen-
tral value and asymmetric errors of 15.6+11.4−3.9 . For Nµ, we
choose a normal prior with central value and symmetric
errors of 25.2± 7.3.
To maximize the likelihood, we use MultiNest [100–
103], an efficient implementation of the multimodal im-
portance nested sampling algorithm for Bayesian analy-
sis. When reporting two-dimensional marginalized con-
tours in Fig. 4, we use GetDist [104, 105].
7D. Results
Table I shows the resulting one-dimensional marginal-
ized allowed ranges of all likelihood parameters. Our fit
value of γ = 2.74 ± 0.13, allowing for νSI, is compatible
within 1σ with the value reported by the IceCube Col-
laboration without νSI, i.e., γ = 2.92+0.33−0.29 [51]. For the
νSI parameters, the fit yields M = 14.26+2.61−2.21 MeV and
g = 0.1+0.83−0.09. At 1σ, the range of M is narrow, but the
range of g is wide. At 2σ already, tiny values of g are al-
lowed, for which no νSI-induced spectral features would
be discernible. At 3σ, g is essentially unconstrained.
Thus, we find no statistically significant evidence for
νSI in the 6-year HESE sample. The Bayes factor com-
paring the Bayesian evidence of our fit to a fit that does
not allow for νSI is lnB ≈ 2.48. In Jeffreys’ scale [106],
this falls short of “moderate evidence”. The correspond-
ing frequentist significance [107], or p-value, is ∼0.006,
equivalent to∼2.7σ, insufficient to claim discovery of νSI.
Figure 4 shows that the marginalized allowed regions
in the g vs. M parameter space are large, supporting our
earlier remarks. Centered around log10(M/MeV) = 2,
the contours exhibit a shoulder-like feature, albeit with
a very low posterior probability density. This feature is
driven by the lack of HESE events beyond 2 PeV, which
the fit attempts to attribute to the existence of a νSI-
induced spectral dip (see also Ref. [108]). Its posterior is
low because there is no narrow event gap for the dip to
fit, but rather just an absence of multi-PeV events.
Figure 5 shows that the best-fit values of M , g, and
γ yield an astrophysical neutrino flux with a wide νSI-
induced spectral dip centered around 1 PeV. The dip
roughly fills the event gap that exists in the 6-year HESE
sample in the range Edep ≈ 300 TeV–1 PeV. Further,
Fig. 5 shows that the region of neutrino fluxes with νSI
generated by varying M , g, γ, and Nast within their al-
lowed ranges from Table I is compatible with the region
generated by fitting a pure power-law spectrum, as re-
ported by the IceCube Collaboration [51].
Figure 1 shows our upper limits on g as a function of
M . Our limits cover roughly the range M = 1–100 MeV.
There, they overlap with existing limits and provide in-
dependent confirmation. Our limits are strongest around
M ≈ 6 MeV, which corresponds to a resonant neutrino
energy of Eres ≈ 200 TeV, close to the energy range where
the gap in the HESE events is. Our limits are weakest
around the best-fit value of M = 14.26 MeV, as expected.
Similarly to the shoulder region in Fig. 4, the small dis-
connected region of weak limits around M = 30 MeV in
Fig. 1 corresponds to νSI-induced spectral dips centered
at energies of 2 PeV and above, where there are no more
events in the sample.
E. Comparison with previous work
References [38–40, 42, 109] predicted the effect of νSI
off the CνB on the diffuse flux of high-energy astrophys-
ical neutrinos, in the context of IceCube observations.
Reference [108] studied the case where the νSI spectral
dip may explain the lack of IceCube events beyond a few
PeV. Ours is the first rigorous statistical analysis look-
ing for νSI in the IceCube diffuse neutrino flux. Below,
we compare similarities and differences of our analysis to
Ref. [38], which is representative of the above works.
Reference [38] focused on a few benchmark choices of
M and g and their compatibility with IceCube data. Our
best-fit values for the νSI parameters (M = 14.26 MeV
and g = 0.1) are close to model B (M = 10 MeV and
g = 0.3) of Ref. [38]. Model B, like our best fit, was found
to reproduce the IceCube event spectrum, in particular,
the lack of observed between 300 TeV and 1 PeV.
However, there are key differences between our work
and Ref. [38]. First, Ref. [38] assumed a hard spectral
index of γ = 2, whereas we find γ = 2.74, because we
start our fit at a lower deposited energy, i.e., 10 TeV
vs. 100 TeV. Second, we model the background of atmo-
spheric neutrinos and muons in detail, including using
an updated version of the IceCube self-veto. Third, we
account for the changes to the neutrino flux introduced
during its propagation inside the Earth. Fourth, we use
both HESE showers and tracks, whereas Ref. [38] used
only showers. Fifth, we compute the event rate at Ice-
Cube differently for all flavors, accounting for their differ-
ences in deposited energy. These improvements allow us
to place robust limits on νSI, while remaining compatible
with the predictions of Refs. [38–40, 42, 109].
In addition, Ref. [44] estimated the limits on νSI in-
ferred from the recent observation of a burst of neutrinos
possibly associated to the blazar TXS 0506+056 [56]; see
Fig. 1. Unlike our limits, the limits from Ref. [44] were
derived solely from the survival of the emitted neutri-
nos en route to Earth, not from looking for νSI-induced
spectral features in the detected data.
F. Limitations and improvements
In our analysis, we fixed the unknown value of the
neutrino mass to mν = 0.1 eV and, with it, computed
Eres for each tested value of M . Using smaller values of
mν would shift the limits in Fig. 1 to lower values of M .
A refined search for νSI could adopt the existing upper
limits on the sum of the masses of all neutrino species
[69] as informed priors on mν , instead of fixing its value.
The best-fit values of M and g stem from attempt-
ing to fill the gap in events in the 6-year HESE sample.
However, the gap admits alternative explanations. For
instance, it could instead be due to the existence of mul-
tiple populations of sources, each producing neutrinos in
different energy ranges [110–113]. Currently, a compar-
ison of alternatives is of little interest, given the lack of
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actions, computed by varying the parameters M , g, γ, and
Nast within their 1σ ranges from Table I. For comparison, we
include the differential and power-law fits to the 6-year HESE
sample as reported by IceCube [51].
statistically significant evidence for νSI.
An interesting possibility that lies beyond the scope
of this paper is to complement the use of HESE events
with through-going muons, i.e., muon tracks born out-
side the detector that cross part of it [36]. Detected
through-going muons number in the hundreds of thou-
sands, though only a small fraction of them is publicly
available. On the one hand, including through-going
muons would increase the statistics. On the other hand,
unlike HESE events, through-going muons have a high
contamination of atmospheric neutrinos and muons, and
a large uncertainty on the neutrino energy reconstruc-
tion, which might dilute any νSI-induced features in the
neutrino energy spectrum.
VI. SUMMARY AND OUTLOOK
For the first time, we have performed a rigorous statis-
tical analysis in search for evidence of secret neutrino in-
teractions (νSI), i.e., new neutrino-neutrino interactions
that are not contained in the Standard Model, in the dif-
fuse flux of TeV–PeV astrophysical neutrinos detected by
the IceCube neutrino telescope.
We modeled the propagation of high-energy neutri-
nos from their extragalactic sources to Earth, across dis-
tances of Mpc–Gpc, accounting for their undergoing νSI
off the cosmic neutrino background along the way. If νSI
occur, they would leave a characteristic imprint: a rela-
tively narrow deficit of events, or dip, in the spectrum of
high-energy neutrinos.
We looked for this dip in IceCube neutrino data. We
accounted in detail for the propagation of neutrinos in-
side Earth, which modifies the shape of the energy spec-
trum in a flavor- and direction-dependent manner, for
their detection at IceCube, which dilutes the spectral fea-
tures, and for the background of atmospheric neutrinos
and muons, which muddles the astrophysical signal.
In 6 years of publicly available IceCube High Energy
Starting Events (HESE) [51], we found no statistically
significant evidence of νSI. Thus, we placed upper limits
on the coupling strength of the new mediator through
which νSI occurs in the mass range of 1–100 MeV. Figure
1 shows that our limits confirm existing limits derived
using substantially different methods than ours.
Our limits are largely driven by the absence of HESE
events detected between 300 TeV and 1 PeV in the 6-
year sample. In the future, if this gap in events remains
in spite of growing statistics, it would build up the ev-
idence for νSI. However, preliminary 7.5-year HESE re-
sults [114] contain a few new events in this energy range;
if confirmed, they would instead strengthen the limits on
νSI. In the future, using the proposed upgrade IceCube-
Gen2 [115], with an event rate 5–7 times higher than Ice-
Cube, a significantly larger event sample would reinforce
the outcome in either case.
ACKNOWLEDGEMENTS
We thank Carlos Argu¨elles, John Beacom, Kevin Kelly,
Jennifer Kile, Samuel McDermott, Kohta Murase, Kenny
Ng, Sergio Palomares-Ruiz, and Austin Schneider for use-
ful discussions. This project was supported by the Villum
Foundation (Project No. 13164), the Carlsberg Founda-
tion (CF18-0183), the Knud Højgaard Foundation, and
the Deutsche Forschungsgemeinschaft through Sonder-
forschungbereich SFB 1258 “Neutrinos and Dark Matter
in Astro- and Particle Physics” (NDM).
∗ mbustamante@nbi.ku.dk; ORCID: 0000-0001-6923-
0865
† vkc652@alumni.ku.dk; ORCID: 0000-0001-7743-5000
‡ shashank.shalgar@nbi.ku.dk; ORCID: 0000-0002-2937-
6525
§ tamborra@nbi.ku.dk; ORCID: 0000-0001-7449-104X
[1] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei,
Phys. Lett. B 98, 265 (1981).
[2] G. B. Gelmini and M. Roncadelli, Phys. Lett. B 99, 411
(1981).
9[3] H. M. Georgi, S. L. Glashow, and S. Nussinov, Nucl.
Phys. B 193, 297 (1981).
[4] G. B. Gelmini, S. Nussinov, and M. Roncadelli, Nucl.
Phys. B 209, 157 (1982).
[5] S. Nussinov and M. Roncadelli, Phys. Lett. B 122, 387
(1983).
[6] K. Blum, A. Hook, and K. Murase, (2014),
arXiv:1408.3799 [hep-ph].
[7] L. G. van den Aarssen, T. Bringmann, and
C. Pfrommer, Phys. Rev. Lett. 109, 231301 (2012),
arXiv:1205.5809 [astro-ph.CO].
[8] J. F. Cherry, A. Friedland, and I. M. Shoemaker,
(2014), arXiv:1411.1071 [hep-ph].
[9] G. Barenboim, P. B. Denton, and I. M. Oldengott,
Phys. Rev. D 99, 083515 (2019), arXiv:1903.02036
[astro-ph.CO].
[10] M. Escudero and S. J. Witte, Eur. Phys. J. C 80, 294
(2020), arXiv:1909.04044 [astro-ph.CO].
[11] T. Araki, F. Kaneko, Y. Konishi, T. Ota, J. Sato,
and T. Shimomura, Phys. Rev. D 91, 037301 (2015),
arXiv:1409.4180 [hep-ph].
[12] T. Araki, F. Kaneko, T. Ota, J. Sato, and
T. Shimomura, Phys. Rev. D 93, 013014 (2016),
arXiv:1508.07471 [hep-ph].
[13] B. J. P. Jones and J. Spitz, (2019), arXiv:1911.06342
[hep-ph].
[14] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D 90,
123533 (2014), arXiv:1306.1536 [astro-ph.CO].
[15] M. Archidiacono and S. Hannestad, JCAP 1407, 046
(2014), arXiv:1311.3873 [astro-ph.CO].
[16] F. Forastieri, M. Lattanzi, and P. Natoli, JCAP 07,
014 (2015), arXiv:1504.04999 [astro-ph.CO].
[17] I. M. Oldengott, T. Tram, C. Rampf, and Y. Y. Wong,
JCAP 11, 027 (2017), arXiv:1706.02123 [astro-ph.CO].
[18] B. Ahlgren, T. Ohlsson, and S. Zhou, Phys. Rev. Lett.
111, 199001 (2013), arXiv:1309.0991 [hep-ph].
[19] G.-y. Huang, T. Ohlsson, and S. Zhou, Phys. Rev. D
97, 075009 (2018), arXiv:1712.04792 [hep-ph].
[20] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D.
McDermott, Phys. Rev. Lett. 123, 191102 (2019),
arXiv:1905.02727 [astro-ph.CO].
[21] E. W. Kolb and M. S. Turner, Phys. Rev. D 36, 2895
(1987).
[22] S. Shalgar, I. Tamborra, and M. Bustamante, (2019),
arXiv:1912.09115 [astro-ph.HE].
[23] M. S. Bilenky and A. Santamaria, in Neutrino mixing.
Festschrift in honour of Samoil Bilenky’s 70th birthday.
Proceedings, International Meeting, Turin, Italy, March
25-27, 1999 (1999) p. 50, arXiv:hep-ph/9908272 [hep-
ph].
[24] A. P. Lessa and O. L. G. Peres, Phys. Rev. D 75, 094001
(2007), arXiv:hep-ph/0701068 [hep-ph].
[25] R. Laha, B. Dasgupta, and J. F. Beacom, Phys. Rev.
D 89, 093025 (2014), arXiv:1304.3460 [hep-ph].
[26] J. M. Berryman, A. De Gouva, K. J. Kelly,
and Y. Zhang, Phys. Rev. D 97, 075030 (2018),
arXiv:1802.00009 [hep-ph].
[27] M. Agostini et al., Eur. Phys. J. C 75, 416 (2015),
arXiv:1501.02345 [nucl-ex].
[28] K. Blum, Y. Nir, and M. Shavit, Phys. Lett. B 785,
354 (2018), arXiv:1802.08019 [hep-ph].
[29] T. Brune and H. Pa¨s, Phys. Rev. D 99, 096005 (2019),
arXiv:1808.08158 [hep-ph].
[30] M. Kachelriess, R. Tomas, and J. Valle, Phys. Rev. D
62, 023004 (2000), arXiv:hep-ph/0001039.
[31] Y. Farzan, Phys. Rev. D 67, 073015 (2003), arXiv:hep-
ph/0211375.
[32] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 111,
021103 (2013), arXiv:1304.5356 [astro-ph.HE].
[33] M. G. Aartsen et al. (IceCube), Science 342, 1242856
(2013), arXiv:1311.5238 [astro-ph.HE].
[34] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 113,
101101 (2014), arXiv:1405.5303 [astro-ph.HE].
[35] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 115,
081102 (2015), arXiv:1507.04005 [astro-ph.HE].
[36] M. G. Aartsen et al. (IceCube), Astrophys. J. 833, 3
(2016), arXiv:1607.08006 [astro-ph.HE].
[37] Y. Farzan and S. Palomares-Ruiz, JCAP 1406, 014
(2014), arXiv:1401.7019 [hep-ph].
[38] K. C. Y. Ng and J. F. Beacom, Phys. Rev. D 90, 065035
(2014), [Erratum: Phys. Rev. D 90, 089904 (2014)],
arXiv:1404.2288 [astro-ph.HE].
[39] K. Ioka and K. Murase, PTEP 2014, 061E01 (2014),
arXiv:1404.2279 [astro-ph.HE].
[40] M. Ibe and K. Kaneta, Phys. Rev. D 90, 053011 (2014),
arXiv:1407.2848 [hep-ph].
[41] A. Kamada and H.-B. Yu, Phys. Rev. D 92, 113004
(2015), arXiv:1504.00711 [hep-ph].
[42] A. DiFranzo and D. Hooper, Phys. Rev. D 92, 095007
(2015), arXiv:1507.03015 [hep-ph].
[43] K. Murase and I. M. Shoemaker, Phys. Rev. Lett. 123,
241102 (2019), arXiv:1903.08607 [hep-ph].
[44] K. J. Kelly and P. A. N. Machado, JCAP 1810, 048
(2018), arXiv:1808.02889 [hep-ph].
[45] S. Pandey, S. Karmakar, and S. Rakshit, JHEP 01, 095
(2019), arXiv:1810.04203 [hep-ph].
[46] J. Alvey and M. Fairbairn, JCAP 07, 041 (2019),
arXiv:1902.01450 [hep-ph].
[47] S. Koren, JCAP 09, 013 (2019), arXiv:1903.05096 [hep-
ph].
[48] C. A. Argelles, A. Kheirandish, and A. C. Vincent,
Phys. Rev. Lett. 119, 201801 (2017), arXiv:1703.00451
[hep-ph].
[49] C. Kopper, W. Giang, and N. Kurahashi (Ice-
Cube), Contributions to the 34th International Cosmic
Ray Conference (ICRC 2015), PoS ICRC2015, 1081
(2016).
[50] IceCube Collaboration, Observation of Astrophysical
Neutrinos in Four Years of IceCube Data (2015 (ac-
cessed October 21, 2015)).
[51] C. Kopper (IceCube), Contributions to the 35th In-
ternational Cosmic Ray Conference (ICRC 2017), PoS
ICRC2017, 981 (2018).
[52] M. Ahlers, K. Helbing, and C. Pe´rez de los Heros,
Eur. Phys. J. C 78, 924 (2018), arXiv:1806.05696 [astro-
ph.HE].
[53] M. Ackermann et al., Bull. Am. Astron. Soc. 51, 215
(2019), arXiv:1903.04333 [astro-ph.HE].
[54] C. A. Argelles, M. Bustamante, A. Kheirandish,
S. Palomares-Ruiz, J. Salvado´, and A. C. Vincent,
in 36th International Cosmic Ray Conference (ICRC
2019) Madison, Wisconsin, USA, July 24-August 1,
2019 (2019) arXiv:1907.08690 [astro-ph.HE].
[55] M. G. Aartsen et al. (Liverpool Telescope, MAGIC,
H.E.S.S., AGILE, Kiso, VLA/17B-403, INTEGRAL,
Kapteyn, Subaru, HAWC, Fermi-LAT, ASAS-SN,
VERITAS, Kanata, IceCube, Swift NuSTAR), Science
10
361, eaat1378 (2018), arXiv:1807.08816 [astro-ph.HE].
[56] M. G. Aartsen et al. (IceCube), Science 361, 147 (2018),
arXiv:1807.08794 [astro-ph.HE].
[57] M. Aartsen et al. (IceCube), Phys. Rev. Lett. 124,
051103 (2020), arXiv:1910.08488 [astro-ph.HE].
[58] M. Ahlers, Y. Bai, V. Barger, and R. Lu, Phys. Rev.
D 93, 013009 (2016), arXiv:1505.03156 [hep-ph].
[59] M. G. Aartsen et al. (IceCube), Astrophys. J. 809, 98
(2015), arXiv:1507.03991 [astro-ph.HE].
[60] P. B. Denton, D. Marfatia, and T. J. Weiler, JCAP
1708, 033 (2017), arXiv:1703.09721 [astro-ph.HE].
[61] M. G. Aartsen et al. (IceCube), Astrophys. J. 849, 67
(2017), arXiv:1707.03416 [astro-ph.HE].
[62] M. G. Aartsen et al. (IceCube), JINST 9, P03009
(2014), arXiv:1311.4767 [physics.ins-det].
[63] S. L. Glashow, Phys. Rev. 118, 316 (1960).
[64] J. F. Beacom and J. Candia, JCAP 0411, 009 (2004),
arXiv:hep-ph/0409046 [hep-ph].
[65] R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi,
and K. Murase, Phys. Rev. D 88, 043009 (2013),
arXiv:1306.2309 [astro-ph.HE].
[66] S. Schonert, T. K. Gaisser, E. Resconi, and O. Schulz,
Phys. Rev. D 79, 043009 (2009), arXiv:0812.4308 [astro-
ph].
[67] T. K. Gaisser, K. Jero, A. Karle, and J. van Santen,
Phys. Rev. D 90, 023009 (2014), arXiv:1405.0525 [astro-
ph.HE].
[68] C. A. Argu¨elles, S. Palomares-Ruiz, A. Schneider,
L. Wille, and T. Yuan, JCAP 1807, 047 (2018),
arXiv:1805.11003 [hep-ph].
[69] M. Lattanzi and M. Gerbino, Front. in Phys. 5, 70
(2018), arXiv:1712.07109 [astro-ph.CO].
[70] D. W. Hogg, (1999), arXiv:astro-ph/9905116 [astro-ph].
[71] M. Tanabashi et al. (Particle Data Group), Phys. Rev.
D 98, 030001 (2018).
[72] Y. Y. Y. Wong, Ann. Rev. Nucl. Part. Sci. 61, 69 (2011),
arXiv:1111.1436 [astro-ph.CO].
[73] H. Yuksel, M. D. Kistler, J. F. Beacom, and A. M.
Hopkins, Astrophys. J. 683, L5 (2008), arXiv:0804.4008
[astro-ph].
[74] L. A. Anchordoqui et al., JHEAp 1-2, 1 (2014),
arXiv:1312.6587 [astro-ph.HE].
[75] J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa, and
T. J. Weiler, Phys. Rev. D 68, 093005 (2003), [Er-
ratum: Phys. Rev. D 72, 019901 (2005)], arXiv:hep-
ph/0307025.
[76] T. Kashti and E. Waxman, Phys. Rev. Lett. 95, 181101
(2005), arXiv:astro-ph/0507599 [astro-ph].
[77] P. Lipari, M. Lusignoli, and D. Meloni, Phys. Rev. D
75, 123005 (2007), arXiv:0704.0718 [astro-ph].
[78] O. Mena, S. Palomares-Ruiz, and A. C. Vincent, Phys.
Rev. Lett. 113, 091103 (2014), arXiv:1404.0017 [astro-
ph.HE].
[79] M. Bustamante, J. F. Beacom, and W. Winter, Phys.
Rev. Lett. 115, 161302 (2015), arXiv:1506.02645 [astro-
ph.HE].
[80] M. Bustamante and M. Ahlers, Phys. Rev. Lett. 122,
241101 (2019), arXiv:1901.10087 [astro-ph.HE].
[81] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 114,
171102 (2015), arXiv:1502.03376 [astro-ph.HE].
[82] F. W. Stecker, Astrophys. J. 228, 919 (1979).
[83] S. R. Kelner, F. A. Aharonian, and V. V. Bugayov,
Phys. Rev. D 74, 034018 (2006), [Erratum: Phys. Rev.
D 79, 039901 (2009)], arXiv:astro-ph/0606058 [astro-
ph].
[84] M. G. Aartsen et al. (IceCube), Nature 551, 596 (2017),
arXiv:1711.08119 [hep-ex].
[85] M. Bustamante and A. Connolly, Phys. Rev. Lett. 122,
041101 (2019), arXiv:1711.11043 [astro-ph.HE].
[86] J. M. Conrad, M. H. Shaevitz, and T. Bolton, Rev.
Mod. Phys. 70, 1341 (1998), arXiv:hep-ex/9707015
[hep-ex].
[87] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84,
1307 (2012), arXiv:1305.7513 [hep-ex].
[88] R. Gandhi, C. Quigg, M. H. Reno, and I. Sarcevic, As-
tropart. Phys. 5, 81 (1996), arXiv:hep-ph/9512364 [hep-
ph].
[89] C. A. Argu¨elles, J. Salvado´, and C. N. Weaver, Comput.
Phys. Commun. 196, 569 (2015), arXiv:1412.3832 [hep-
ph].
[90] C. A. Argu¨elles, J. Salvado´, and C. N. Weaver, https:
//github.com/jsalvado/SQuIDS/ (2018), SQuIDS.
[91] C. A. Argu¨elles, J. Salvado´, and C. N. Weaver,
https://github.com/arguelles/nuSQuIDS (2019),
NuSQuIDS.
[92] A. Connolly, R. S. Thorne, and D. Waters, Phys. Rev.
D 83, 113009 (2011), arXiv:1102.0691 [hep-ph].
[93] A. Cooper-Sarkar, P. Mertsch, and S. Sarkar, JHEP
08, 042 (2011), arXiv:1106.3723 [hep-ph].
[94] A. M. Dziewonski and D. L. Anderson, Phys. Earth
Planet. Interiors 25, 297 (1981).
[95] S. Palomares-Ruiz, A. C. Vincent, and O. Mena, Phys.
Rev. D 91, 103008 (2015), arXiv:1502.02649 [astro-
ph.HE].
[96] A. Fedynitch, R. Engel, T. K. Gaisser, F. Riehn, and
T. Stanev, Contributions to the 18th International Sym-
posium on Very High Energy Cosmic Ray Interactions
(ISVHECRI 2014), EPJ Web Conf. 99, 08001 (2015),
arXiv:1503.00544 [hep-ph].
[97] A. Fedynitch, https://github.com/afedynitch/MCEq
(2019), MCEq.
[98] C. A. Argu¨elles, S. Palomares-Ruiz, A. Schnei-
der, L. Wille, and T. Yuan, https://github.com/
tianluyuan/nuVeto (2019), nuVeto.
[99] A. C. Vincent, S. Palomares-Ruiz, and O. Mena, Phys.
Rev. D 94, 023009 (2016), arXiv:1605.01556 [astro-
ph.HE].
[100] F. Feroz and M. P. Hobson, Mon. Not. Roy. Astron. Soc.
384, 449 (2008), arXiv:0704.3704 [astro-ph].
[101] F. Feroz, M. P. Hobson, and M. Bridges, Mon. Not. Roy.
Astron. Soc. 398, 1601 (2009), arXiv:0809.3437 [astro-
ph].
[102] F. Feroz, M. P. Hobson, E. Cameron, and A. N. Pettitt,
(2013), arXiv:1306.2144 [astro-ph.IM].
[103] J. Buchner, A. Georgakakis, K. Nandra, L. Hsu,
C. Rangel, M. Brightman, A. Merloni, M. Salvato,
J. Donley, and D. Kocevski, Astron. Astrophys. 564,
A125 (2014), arXiv:1402.0004 [astro-ph.HE].
[104] A. Lewis, (2019), arXiv:1910.13970 [astro-ph.IM].
[105] A. Lewis, https://github.com/cmbant/getdist
(2019), GetDist.
[106] H. Jeffreys, The Theory of Probability , Oxford Classic
Texts in the Physical Sciences (1939).
[107] R. Trotta, Contemp. Phys. 49, 71 (2008),
arXiv:0803.4089 [astro-ph].
[108] S. Mohanty, A. Narang, and S. Sadhukhan, JCAP 03,
041 (2019), arXiv:1808.01272 [hep-ph].
11
[109] I. M. Shoemaker and K. Murase, Phys. Rev. D 93,
085004 (2016), arXiv:1512.07228 [astro-ph.HE].
[110] P. B. Denton and I. Tamborra, Astrophys. J. 855, 37
(2018), arXiv:1711.00470 [astro-ph.HE].
[111] P. B. Denton and I. Tamborra, JCAP 1804, 058 (2018),
arXiv:1802.10098 [astro-ph.HE].
[112] A. Palladino, C. Mascaretti, and F. Vissani, Eur. Phys.
J. C 77, 684 (2017), arXiv:1708.02094 [astro-ph.HE].
[113] A. Palladino and W. Winter, Astron. Astrophys. 615,
A168 (2018), arXiv:1801.07277 [astro-ph.HE].
[114] N. Wandkowsky (IceCube), Contributions to the
XXVIII International Conference on Neutrino Physics
and Astrophysics (Neutrino 2018), Zenodo (2018),
10.5281/zenodo.1301088.
[115] M. G. Aartsen et al. (IceCube), (2019),
arXiv:1911.02561 [astro-ph.HE].
[116] R. Gandhi, C. Quigg, M. H. Reno, and I. Sarcevic,
Phys. Rev. D 58, 093009 (1998), arXiv:hep-ph/9807264.
[117] C. Giunti and C. W. Kim, Fundamentals of Neutrino
Physics and Astrophysics (2007).
[118] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston,
P. Nadolsky, J. Pumplin, C. Schmidt, D. Stump,
and C. P. Yuan, Phys. Rev. D 93, 033006 (2016),
arXiv:1506.07443 [hep-ph].
[119] K. O. Mikaelian and I. M. Zheleznykh, Phys. Rev. D
22, 2122 (1980).
[120] T. K. Gaisser, Astropart. Phys. 35, 801 (2012),
arXiv:1111.6675 [astro-ph.HE].
[121] R. Engel, A. Fedynitch, T. K. Gaisser, F. Riehn, and
T. Stanev, (2019), arXiv:1912.03300 [hep-ph].
[122] M. Picone, A. Hedin, and D. Drob, J. Geophys. Res.
107, 1468 (2002).
Appendix A: High-energy neutrino detection
1. IceCube HESE events
In our analysis, we use IceCube High Energy Starting
Events (HESE) [33, 34], where the neutrino interaction
occurs inside the detector and the outer layer of PMTs
serves as a self-veto to reduce contamination from atmo-
spheric neutrinos [66–68].
In a neutrino-nucleon interaction (see Section IV B),
the final-state hadrons carry a fraction y, the inelastic-
ity, of the parent neutrino energy, and the final-state lep-
ton carries the remaining fraction (1 − y). Final-state
hadrons and charged leptons shower and radiate light.
At neutrino energies of TeV and up, the average value
of the inelasticity is about 30% [88, 92, 93, 116]. The
higher the energy given to final-state charged particles,
the higher the energy Edep deposited in the detector.
HESE showers are fully contained in the detector, so
Edep = Esh, where Esh is the energy of the particles in
the shower. In CC interactions, the shower is due to
the final-state hadrons and lepton, so Esh = Eν , while
in NC interactions the shower is due only the final-state
hadrons, so Esh = yEν .
HESE tracks start inside the detector, but are only
partially contained by it. Yet, the measured rate of en-
ergy loss of the muon as it propagates approximates the
muon energy Eµ. Hence, Edep = Esh + Eµ ≈ Eν , where
the shower is due to final-state hadrons only.
2. Computing HESE neutrino rates
To compute the HESE event rate, we follow Ref. [95],
which treats separately the contributions of different fla-
vors, interaction channels, and decay channels of final-
state particles, and accounts for the energy resolution of
the detector. Because the full procedure is elaborate,
below we only sketch it and refer to Ref. [95] for details.
We compute the energy distributions of HESE showers
dN sh,f/dEdep and tracks dN
tr,f/dEdep for astrophysical
neutrinos (f = ast) and conventional atmospheric neu-
trinos (f = atm), i.e., those coming from pion and kaon
decays (see Appendix B). For each flux type f , the spec-
trum receives contributions from all flavors, i.e.,
dN sh,f
dEdep
=
∑
α=e,µ,τ
dN sh,fα
dEdep
, (A1)
dN tr,f
dEdep
=
∑
α=e,µ,τ
dN tr,fα
dEdep
. (A2)
The contribution of each flavor is:
dN sh,fα
dEdep
=
dN sh,NC,fνα
dEdep
+ (1− δαµ)
dN sh,CC,fνα
dEdep
+
dN sh,e,fνα
dEdep
+ (να → ν¯α) ,
dN tr,fα
dEdep
= (1− δαe)
dN tr,CC,fνα
dEdep
+
dN tr,e,fνα
dEdep
+ (να → ν¯α) .
The dominant detection channel is neutrino-nucleon
interaction (see Section A 1), NC and CC. We also in-
clude the contribution from neutrino-electron interaction
(e). It is sub-dominant except around Eν ≈ 6.3 PeV,
where the Glashow resonance ν¯e + e → W [63] domi-
nates. The resonance does not affect our analysis signif-
icantly, since there are no events beyond 2 PeV in the
6-year HESE sample that we use (see Section V), but we
account for it when computing the denominators of the
probability distribution functions Pi,ast, Pi,atm, and Pi,µ
in Eqs. (5) and (6) in the main text.
As illustration, the shower spectrum due to NC inter-
actions of να is
dN sh,NC,fνα (Edep)
dEdep
= TNA
∫ ∞
0
dEν
dφfνα(Eν)
dEν
∫ 1
0
dyMeff(Etrue(Eν))R(Etrue(Eν), Edep, σ(Etrue(Eν))
dσNCνα (Eν , y)
dy
,
(A3)
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where T = 6 yr is the detector live time, NA = 6.022 ×
10−23 g−1 is Avogadro’s number, dφfνα/dEν is the flux
of να that reaches the detector after propagating inside
Earth (for atmospheric neutrinos, it is the flux multiplied
by the self-veto passing fraction; see Appendix B), Meff is
the effective detector mass [95], and σNCνα is the NC cross
section. The energy resolution function R accounts for
the mismatch between the measured deposited energy,
Edep and the true deposited energy, Etrue, which varies
with Eν . It is a Gaussian with a spread of σ ≈ 0.12Etrue
[95]. The contribution of ν¯α is the same as Eq. (A3),
with να → ν¯α.
For the contribution of CC interactions of νe and ντ to
the shower rate and of CC interactions of νµ to the track
rate, the expressions are similar to Eq. (A3), with NC
→ CC. For the contribution of CC interactions of ντ , the
calculation is more complex. Below a few PeV, the tauon
created in the interaction decays inside the detector and
the particular decay channel determines the deposited
energy and whether the decay contributes to the shower
rate or the track rate. We compute the contribution of
each tauon decay channel separately. Similarly, we com-
pute separately the contribution of each decay channel of
the W boson created in the Glashow resonance. In both
cases, we follow Ref. [95]. The relation between Etrue and
Eν changes depending on the flavor, interaction channel,
and decay channel [95].
We compute the differential deep-inelastic-scattering
cross sections on protons and neutrons [117], dσNCp,να/dy,
dσNCn,να/dy, and their CC equivalents, using the recent
CTEQ14 parton distribution functions [118], for να and
ν¯α. Because interactions occur in ice, we weight the cross
sections by the mass number A = 18, atomic number
Z = 10, and neutron number N = 8 of water, i.e.,
dσNCνα
dy
=
1
A
(
Z
dσNCp,να
dy
+N
dσNCn,να
dy
)
,
and similarly for CC interactions. For neutrino-electron
interactions, we compute the differential cross section fol-
lowing Refs. [88, 119].
Appendix B: Atmospheric backgrounds
For atmospheric neutrinos, we use MCEq [96, 97] to
compute the fluxes of neutrinos and anti-neutrinos of all
flavors at the surface of the Earth, coming from pion
and kaon decays, i.e., conventional atmospheric neutri-
nos. We do not consider prompt atmospheric neutrinos,
coming from charmed meson decays, since they remain
unobserved [59]. We adopt the default model choices
used in IceCube analyses: for the parent cosmic-ray flux,
we use the Hillas-Gaisser model (H3a) [120]; for the par-
ticle interaction model, we use SIBYLL2.3c [121]; for the
atmospheric density profile, we use the NRLMSISE-00
model at the South Pole [122]. The resulting neutrino
fluxes are different for each flavor of ν and ν¯, and vary
with energy and arrival direction. We average the fluxes
between their summer-time and winter-time values.
Second, we implement the HESE self-veto to reduce
the contribution of atmospheric neutrinos to the event
rate. We use nuVeto [68, 98] to compute the energy-
dependent fraction of atmospheric ν and ν¯ of each flavor
that pass the veto, reach the fiducial volume of the de-
tector, and ultimately contribute to the event rate in our
analysis. The veto is more efficient for νe than for νµ;
there is no veto for ντ , whose flux is tiny. Veto efficiency
grows with energy: at 10 TeV, the νµ flux is reduced by
up to a factor 2 and at 100 TeV, by up to a factor of 100.
For atmospheric muons, there is an irreducible back-
ground that reaches the detector and leaves tracks. In
our analysis, we directly estimate the spectrum of tracks
due to atmospheric muons, dN tr,µ/dEdep, following the
parametrization of Ref. [99], which was built using pub-
licly available IceCube data [34].
